Bitterness and astringency are attributes generally cited as the cause of tannin sorghums being unpalatable. The objective here was to determine the effect of sorghums with varying tannin content on bitterness and astringency simultaneously using dual attribute time-intensity (DATI). A
sorghums (PAN 3860, Ex Nola 97 GH and NS 5511) with total phenol contents of 1.75, 1.71 and 1.06 % TAE, respectively; and condensed tannin contents of 8.21, 5.70 and 1.78 % CE db, respectively (Kobue- Lekalake et al., 2007) . PAN 3860, Ex Nola 97 GH and NS 5511 are type III hybrids grown in South Africa in 2004, 1997 and 2004 respectively. Total phenol content was determined using the Folin-Ciocalteu method of Waterman and Mole (1994) , and condensed tannins determined using the modified Vanillin-HCl method as described by Price et al. (1978) .
The tannin sorghums had a red pericarp. One tannin-free sorghum had a red pericarp (PAN 8564) and the other tannin-free sorghums had white pericarp (Kobue-Lekalake et al., 2007) .
Sorghum bran infusions
Sorghum bran was used as the source of tannins and non-tannin polyphenols, as these compounds are concentrated in the pericarp and testa layers of the sorghum grain (reviewed by Awika and Rooney, 2004) . Bran hot water infusions were used to avoid any possible delay in contact between the phenolics and the panellists' "taste" receptors, resulting from interference by the bran matrix in which the phenolics are located. Brans isolated from the sorghum grains were used to prepare the infusions as described previously (Kobue-Lekalake et al., 2007) . Boiling (96°C) deionised water (300 ml) was added to the sorghum bran (5 g) in a glass beaker and covered with aluminium foil, and then boiled on a hot plate for 20 min. The sorghum bran mixture was centrifuged at 3880 g for 5 min at 20°C. The supernatant (bran infusion) was recovered and kept at 4°C for not more than 12 h before use. The residue was discarded. The bran infusions were brought to room temperature (ca. 18°C) before being served to the panellists.
Descriptive sensory panel selection and training
Twelve panellists (six women and six men) aged 19-39 years, all screened to be 6-n-propyl-2-thiouracil (PROP) sensitive (Tepper, 1999) , participated in the study. These panellists were previously extensively trained when they participated in a study to describe the sensory attributes of cooked sorghum rice (Kobue-Lekalake et al., 2007) . The descriptive sensory panel was further trained for 10 h to familiarize them with the Compusense DATI method (Compusense® Five release 4.6 [1986 -2003 Guelph, Ontario Canada) and SATI and DATI sensory evaluation methodology as described by Peyvieux & Dijksterhuis (2001) . Initially, the training was carried out measuring a single attribute (bitterness) on a structured horizontal line. The line scale had 10 markings from 0 = none (at the start position) to 100 = extreme (at the end of the line). As the intensity of the bitterness increased, the panellist moved the 'marker' to the right, and when the intensity of the bitterness decreased he/she moved the 'marker' to the left. The speed with which they moved the 'marker' to the right or left was determined by how rapidly the intensity of the attribute developed and increased or how rapidly it decreased. The panellists were also trained to differentiate between bitterness and astringency using standards (dissolved in deionised water) and concentrations used by Kallithraka et al. (1997a) bitterness (1.0 g/l caffeine; food grade), and astringency (1.5 g/l tannic acid [gallotannin] ; 48811 Fluka/Sigma-Aldrich, Atlasville, South Africa). Alum (potassium aluminium sulphate Fluka/Sigma-Aldrich, Atlasville, South Africa) was also used to familiarize the panellists with the astringency sensation using the concentration (0.5 g/l) recommended in ISO 8586 (International Organization for Standardization, 1993).
Training to measure dual attributes simultaneously (bitterness and astringency) was introduced only after the panellists were proficient in measuring the sensations as single attributes.
The panellists were trained to measure the intensity of bitterness on a structured vertical line and the intensity of astringency on a structured horizontal line simultaneously, by moving a computer mouse diagonally on a mouse pad; to the right as the attributes developed and increased, and to the left as the attributes decreased. Moving the mouse diagonally moved the 'marker' along both lines (vertical and horizontal) simultaneously. During training, time intervals of 2, 3, 4 and 5 min were used in between samples to determine the optimal time interval required to minimize carry over effects. The panellists agreed on a 4 min time interval in between samples to minimize carry over effects. This time interval was also used by Kallithraka et al. (1997b) in their study using the timeintensity methodology to assess the effects of pH on the astringency of model solutions and wines.
Sample presentation and assessment
Sorghum bran infusions of the six sorghum cultivars were assessed using the Compusense DATI method four times per product, with two sessions per day. Three cultivars assessed in the first session and the other three assessed after two hours in order to minimize fatigue and astringency build-up. To balance out any order effect, sample presentation order was randomized over the panellists for all the four replications. Random three digit numbers were used to code the samples.
Panellists sat in individual booths and evaluated the samples under white light. Samples (15 ml) were served in size 8 glass tubes covered with lids. Panellists were instructed to place the whole sample in the mouth and swirl it around without swallowing it, and immediately start evaluating the intensity of the bitterness and astringency, simultaneously. After 15 s the panellists expectorated the sample. The panellists measured the intensity of the two attributes, bitterness and astringency, simultaneously and continuously from the time they placed the sample in their mouth to the end of the assessment period of 90 s. The DATI software was programmed to collect responses every 0.5 s for the total duration of 90 s. A four minute interval was enforced between samples to minimize carry over effects from one sample to another. The panellists were given pieces of raw carrots and deionised water to cleanse their mouths thoroughly before tasting and in between samples.
Statistical analysis
Four parameters were extracted from the time-intensity curves: T max (time to reach maximum intensity), I max (maximum intensity), D tot (total duration of sensation) and AUC (area under curve). GLM model:
Where:
Fishers' least significant difference test (p < 0.05) was used to compare the means. Linear relationships (Pearson's correlation coefficient) between the time-intensity parameters (T max , I max , D tot and AUC) were calculated. A comparison of the time-intensity parameters for bitterness and astringency was performed using ANOVA.
Results and discussion
The results are presented and discussed in three parts, cultivars with varying tannin content, panellist and design effects on measurement of bitterness and astringency. The GLM model used was appropriate because it explained 79-83% of the variance in all the parameters for bitterness (Table 1 ) and explained 69-84% of the variance in the parameters for astringency ( Table 2) .
Effect of sorghum cultivars with varying tannin content
There were highly significant cultivar effects (p < 0.001) for all the time-intensity parameters (T max , I max , D tot and AUC) for bitterness (Table 1 ) and astringency ( Table 2 ). The most bitter (I max ) sorghum infusions were from tannin sorghums, PAN 3860 and Ex Nola 97 GH with tannin contents of 8.2 and 5.7% CE, respectively (Table 3 ). The bitterness of the infusion from NS 5511, a type III sorghum with a relatively low tannin sorghum (1.8% CE), was not significantly different from that of the tannin-free sorghums. With the exception of NS 5511, it took approximately 7-10 s longer (T max ) to reach maximum bitterness intensity for tannin-containing sorghums (PAN 3860
and Ex Nola 97 GH) than the tannin-free sorghums. The duration (D tot ) of bitterness for the most bitter sorghums (PAN 3860 and Ex Nola 97 GH) was generally 9-12 s longer than that of the less bitter sorghums. The more bitter the infusion, the longer (T max ) it took to reach maximum intensity (I max ) and the longer the D tot . The more bitter the infusion, the larger the AUC as reflected by the highly significant (r = 0.88, p < 0.001) positive correlation.
As observed for bitterness, the most astringent infusion (highest I max ) was from PAN 3860 (Table 3) , which had the highest tannin content (8.2% CE). Although the infusion of Ex Nola 97 GH (5.7% CE) was significantly more bitter than that of PAN 8564, which had no detectable tannins, the astringency of their infusions were not significantly different (Table 3 ). The finding here agrees with the quantitative descriptive analysis (Kobue- Lekalake et al., 2007) . Thus, it appears that bitterness and astringency are generally, but not always, the same in level of strength in individual sorghum cultivars. The bitterness and astringency of PAN 8564 (with no detectable tannins) was perceived similar to that of tannin sorghum NS 5511 (1.8% CE) and its astringency was not significantly different from that of Ex Nola 97 GH (5.7% CE). The astringency (I max ) of the infusion from NS 5511 was not significantly different from all the tannin-free sorghums. Since PAN 8564 does not contain condensed tannins (proanthocyanidins), the anthocyanins in the red pericarp of this sorghum may be the cause of it being perceived similar to NS 5511 bitterness and astringency and similar in astringency to Ex Nola 97 GH. Additionally, when the bran of tannin sorghums was boiled in deionised water to make infusions, some of the condensed tannins would have bound to the proteins in the germ. Some protein is located in the germ of the sorghum caryopsis (Rooney & Miller, 1982; Taylor & Schüssler, 1986) . The formation of condensedtannin-protein complexes led to a reduction in the quantity of condensed tannins available to bind the salivary proteins during tasting, thus explaining the apparent 'reduction' in astringency of Ex Nola 97 GH and NS 5511 that resulted in their infusions being perceived as similar to PAN 8564.
The T max of the least astringent sorghum infusion (Phofu) was shorter than that of the most astringent infusion (PAN 3860) (Table 3) . Likewise, the D tot of the least astringent infusion (Phofu) was shorter than that of the most astringent infusion (PAN 3860). The T max was generally longer (4-8 s) for the tannin sorghums (PAN 3860, Ex Nola 97 GH and NS 5511) than the tannin-free sorghums (PAN 8564, Segaolane and Phofu). With the exception of NS 5511, the total duration (D tot ) of astringency of the tannin sorghums (PAN 3860 and Ex Nola 97 GH) lasted significantly longer (7-12 s) than that of the tannin-free sorghums.
Bitterness took a significantly shorter time to reach maximum intensity than astringency (Table 3 ). The mean T max for bitterness was 22.5 s, whereas for astringency the mean T max was 27.9 s. This might be due to the fact that bitterness is a basic taste (Lawless and Heymann, 1998) that can be detected at very low concentrations (Glendinning, 1994) . Bitter taste perception is thought to have evolved to prevent ingestion of potential poisons (Glendinning, 1994; Rodgers et al., 2005) . Unlike bitterness, astringency is a physical sensation (Breslin et al., 1993) . When tannins bind proteins present in the saliva, the conformational changes result in the salivary proteins losing their lubricating power, resulting in a dry and puckery feeling in the mouth (Joslyn & Goldstein, 1964) . The tactile sensations caused by increased friction (decrease in salivary lubrication) between oral membranes are the primary basis of astringent sensations (Breslin et al., 1993) . The finding here, agrees with the observation that astringency is often the last sensation detected (Kallithraka et al., 2001 ).
The mean duration of the astringent sensation was significantly (p < 0.05) longer by 3.6 s than the duration of bitterness (Table 3 ). The findings on the sorghum bran infusions agree with the observations of Leach (1984) who determined the bitterness and astringency of gallic acid, catechin, grape seed tannin and tannic acid using a single attribute time-intensity sensory method, and reported that the duration (D tot ) of astringency was generally longer by 10-15 s than that of bitterness. A significantly shorter time (T max ) was required to reach I max for less astringent compounds like gallic acid and catechin, than for the more astringent compounds, tannic acid and grape seed tannin. Furthermore, duration (D tot ) of bitterness and astringency increased with increasing intensity (I max ) of bitterness and astringency. King & Duineveld (1999) studied the bitterness in beer during ageing and observed a significant positive correlation between I max and AUC (r = 0.95, p < 0.05).
Panellist effect
There was a highly significant (p < 0.001) panellist effect for all the time-intensity parameters for both bitterness (Table 1 ) and astringency (Table 2 ). Some panellists (Table 4) found the infusions more astringent than bitter (panellists 3 and 5), whilst others found them more bitter than astringent (2 and 11). Some panellists (4 and 11) routinely used the upper end of the scale, whilst others (3, 7 and 9) used the lower end. Panellists 6, 9 and 11 experienced the bitterness and astringency of the infusions a lot longer (D tot > 80 s) whereas for panellists 1 and 12 it only lasted between 50 and 60 s. The astringency and bitterness sensations developed very slowly for
Panellists 1 and 11 (T max ).
According to Tomic et al. (2007) , differences in time-intensity data among panellists may be due to them using the time-intensity scale differently, the panellists experiencing sensory attributes differently (e.g. day to day physiological and psychological biases), and/or random error.
This phenomenon has been reported by many other researchers (Leach and Noble, 1986; Noble et al., 1991; Kallithraka et al., 2001; François et al., 2006) This study did not determine the panellist's salivary flow rates, or the physical-chemical characteristics of the saliva of the panellists. However, it is probable that differences in astringency perceptions could be related to different individual salivary flow rates, as was found by Kallithraka et al. (2001) , Fischer et al. (1994) and Ishikawa and Noble (1995) Dinnella et al. (2009) investigating the relations between individual physiological differences in saliva and sensitivity to (phenolic) astringent stimuli, concluded that subjects capable of maintaining constant salivary characteristics were less sensitive to astringent stimuli compared to subjects in whom the same stimuli induced significant saliva modifications.
Another consideration could be the complexity of paying attention to two different attributes, and simultaneously tracking their changes (Dijksterhuis and Piggott, 2001 ).
Notwithstanding the fact that measuring two different attributes simultaneously is complex, this method revealed differences in the rates of bitterness and astringency development and persistence.
There were significant interaction effects: panellist by session, panellist by replicate, and panellist by sample order for astringency (Table 1) ; and panellist by session, panellist by replicate and panellist by cultivar for bitterness (Table 2 ).
There was a significant panellist by cultivar interaction effect for T max , I max and AUC for bitterness (Table 1 ). All the panellists were bitter sensitive. However, variation in bitterness sensitivity is well documented (Bartoshuk et al., 1994; Miller and Reedy, 1990; Tepper, 1998; Tepper, 1999) . There was no significant panellist by cultivar interaction effect for astringency, indicating that the individual panellists agreed on the relative difference in astringency of the sorghum cultivars (Table 2 ). The interindividual differences presented here, may possibly present a limitation when generalising on the differences in bitterness and astringency among the sorghum cultivars.
Design and other interaction effects
Variations (p < 0.001) noted between sessions were for I max and AUC for astringency (Table 2) . Overall, the panel rated the I max astringency of samples on a day higher during the second session than the first (data not shown). However, there was a significant panellist by session interaction effect for astringency I max and D tot (p < 0.05, p < 0.01, respectively) ( Table 2) and a significant (p < 0.05) panellist by session interaction effect for bitterness I max (Table 1) . For astringency, some of the panellists rated I max of samples in the second session much higher than those in the first session and total duration (D tot ) of some of the panellists was rated longer in session 1 than session 2, whilst for others it was the reverse (data not shown). A similar observation was noted for bitterness I max (data not shown) and attributed to random variation.
There were also significant (p ≤ 0.05) replicate variations for bitterness for T max , I max and AUC (Table 1) . For astringency, the only significant (p < 0.05) replicate effect was for T max (Table 2) . Again, however, the main effect differences were further explained by interactions with panellist effects. A significant (p < 0.05) panellist by replicate interaction effect for bitterness AUC (Table 1) , and significant (p < 0.05, 0.01, 0.01, respectively) panellist by replicate interaction effects for astringency T max , I max and AUC (Table 2) were found. Panellists rated the samples differently on different days (replications) (data not shown) but no clear trend was observed implying that the observed differences were due to random variation.
For both bitterness and astringency, there was no significant main effect differences observed related for the order in which the samples were evaluated (Tables 1 and 2 , respectively). No clear trend was observed (data not shown) for the significant panellist by sample order interaction effect for astringency I max (p < 0.05) and AUC (p < 0.01) ( Table 2) .
Conclusions
The DATI sensory method allowed for simultaneously temporal measurement of bitterness and astringency of sorghums varying in total phenol and tannin content. For both tannin and tanninfree sorghums, bitterness developed and reached maximum intensity significantly faster than astringency. Overall, the temporal parameters for bitterness distinguished infusions from tannin and tannin-free sorghums more clearly than those for astringency. However, the total duration of the astringent sensation lasted significantly longer than bitterness. Consistent with our descriptive sensory study (Kobue-Lekalake et al., 2007) , the results of this study show that tannin sorghums are more bitter and astringent than tannin-free sorghums and also that the more bitter the sorghum the more astringent it is. The DATI method also revealed that panellists' perceptions of the time course of bitterness and astringency differ. Some panellists seem more sensitive to or focused on bitterness than astringency whilst the opposite is true for others. This may explain why some persons claim that tannin sorghums are bitter while others describe them as astringent. In sorghum these two properties are closely associated. In future work it would be useful to conduct a study to identify and quantify the monomers, dimers and oligomers of polyphenols in sorghum and their effect on bitterness and astringency. In future work it will be useful to study time intensity assessment of astringency and bitterness between cultivars in actual sorghum food and beverage products and compare the results with these present findings. 
